Abstract
Introduction
Diabetic retinopathy (DR) is a microvascular complication associated with chronic exposure to hyperglycemia and is a major cause of blindness worldwide [1] . Although clinical assessment and retinal autopsy of diabetic patients provide information on the features and progression of DR [2, 3] , the underlying pathophysiological mechanism responsible for the disease cannot be clarified. In order to have a better understanding of the development of DR at the molecular and cellular levels, a variety of animal models have widely been used [4] . They include pharmacological induction of hyperglycemia and spontaneous diabetic rodents. Nevertheless, it is important to determine substrates involved in pathophysiological mechanism of DR.
Hypoxia inducible factor-1 (HIF-1) as an important endogenous signaling protein contributes to physiologic changes of homeostasis under conditions of oxygen deprivation [5] . Accumulated subunit HIF-1α modulates the expression of several target genes in tissues under hypoxic conditions [6] [7] [8] . One of the important protein molecules responsible for the neovascularization is vascular endothelial growth factor (VEGF), which is resulted from increased HIF-1α formation due to ischemic hypoxia; and both HIF-1α and VEGF have been found in the retina of diabetic animals and humans to be involved in the pathophysiology of DR [9] [10] [11] . Importantly, blocking or silencing HIF-1α-regulated VEGF pathway has been reported to have potential benefits to DR [10] .
Mammalian target of rapamycin (mTOR) is a serine threonine protein kinase. Activation of mTOR, in particular, mTOR complex 1 (mTORC1) that is more sensitive to rapamycin, leads to promotion of the phosphorylation of downstream effectors, such as p70 ribosomal S6 protein kinase (p70S6K) and this further governs mRNA translation [12] . The mTORC1 is well known for its critical roles in the regulation of protein synthesis and growth and further the compelling evidence supports the widespread dysregulation of mTOR in development of DR [13] .
Therefore, in light of the key role of mTOR in regulating ischemic hypoxia in DR, we first examined responsiveness of HIF-1α, VEGF and VEGF receptor subtype 2 (VEGFR-2) in the retinal tissues of non-diabetic rats and diabetic rats induced by injection of streptozotocin (STZ). We further examined the protein expression of mTOR and its downstream pathways in diabetic retina. Then, we determined the role played by mTOR in regulating HIF-1α-VEGF in DR. We examined the effects of intraocular injection of mTOR inhibitor, rapamycin, on the levels of HIF-1α, VEGF and VEGFR-2 in diabetic retina. Moreover, we examined the effects of rapamycin on protein expression of Caspase-3 indicating cell apoptosis. Our hypothesis was that inhibiting mTOR blunts the upregulation of HIF-1α-VEGF signaling pathway as well as Caspase-3 evoked by hyperglycemia in STZ rats.
It should be noted that VEGF regulates vascular development, angiogenesis and lymphangiogenesis by binding to a number of VEGFRs [14, 15] . There are three main subtypes of VEGFR, numbered 1, 2 and 3. The function of VEGFR-1 is less defined, although it is required for the recruitment of haematopoietic stem cells and the migration of monocytes and macrophages [14, 15] . VEGFR-2 appears to mediate almost all of the known cellular responses to VEGF and it is critical for vascular endothelial cell development and regulates vascular endothelial function [14] . VEGFR-3 regulates lymphatic endothelial cell function and mediates lymphangiogenesis in response to VEGF [14, 15] . Considerable evidence shows VEGFR-2 specific intracellular signal cascades leading to proliferation, migration, survival and increased permeability, each of which contributes to the angiogenic response [14] . Accordingly, we examined VEGFR-2 in this report.
Materials and Methods

Animals and diabetes
All experimental procedures were in accordance with the guidelines of the International Association for the Study of Pain and were approved by the Animal Research Committee of our medical institution. Male Sprague-Dawley rats weighing 150-200 g were used in this study. STZ was freshly dissolved in 0.9% sterile saline and diabetes was induced by a single injection of STZ (60 mg/kg i.p., Sigma Co.) as described previously [16] . Diabetes was confirmed by measurements of blood glucose concentrations in samples obtained from the tail vein four weeks after injection of STZ. It should be noted that rats whose blood glucose concentration was > 350 mg/dl were included in the study. Age-and body weight-matched rats with saline injection were used as controls. In a subset of experiments, rapamycin (Sigma Co; 1 µg once every two days) was given by intraocular injection. Note that intraocular injection of saline was served as control. At different time courses after injection of STZ, the retinal tissues were removed for the following measurements.
ELISA
The levels of HIF-1α were determined using an ELISA assay kit (Abcam Co., Cambridge, MA, USA) according to the provided description and modification.
Preparation of extracts from tissue. All the retinal tissues from individual rats were sampled for the analysis. Tissue lysates were typically prepared by homogenization of tissue that was first minced and thoroughly rinsed in PBS to remove blood. Wet tissue was homogenized in 500 µL of chilled cell extraction buffer and incubated on ice for 20 minutes. Total protein was then extracted by homogenizing (18,000 x g for 20 minutes at 4°C) retinal sample in ice-cold radioimmunoprecipitation assay buffer with protease inhibitor cocktail kit. Then, the pellets were discarded and the supernatants were transferred into clean tubes for measurements of protein concentrations using a bicinchoninic acid assay reagent kit. Results were expressed as pg/mg protein.
Plate preparation. Polystyrene 96-well microtitel immunoplates were coated with affinity-purified polyclonal rabbit anti-HIF-1α antibody. Parallel wells were coated with purified rabbit IgG for evaluation of nonspecific signal. After overnight incubation at room temperature and 2 hours of incubation with the coating buffer containing 50 mM carbonate buffer (pH 9.5) in 2% BSA, plate were washed with 50 mM Tris-HCl. After extensive washing, the diluted samples and the HIF-1α standard solutions were distributed in each plate and left at room temperature overnight. The plates were then washed and incubated with anti-HIF-1α galactosidase per well. Then, the plates were washed and incubated with substrate solution. After an incubation of 2 hours at 37°C, the optical density was measured using an ELISA reader. Likewise, this method was also employed to examine the levels of VEGF according to the provided description and modification (Abcam Co.).
Western Blot Analysis
The protein expression of VEGFR-2, Caspase-3, mTOR, S6K1, 4E-BP1 (their respective phosphorylated forms, namely p-mTOR, p-S6K1, p-4E-BP1) was determined by using a standard Western Blot analysis. In brief, the retinal tissues from individual rats were sampled. Total protein was then extracted by homogenizing sample in ice-cold radioimmunoprecipitation assay buffer with protease inhibitor cocktail kit. The lysates were centrifuged and the supernatants were collected for measurements of protein concentrations using a bicinchoninic acid assay reagent kit. After being denatured by heating at 95°C in an SDS sample buffer, the supernatant samples was loaded onto 4-20% Mini-Protean TGX Precast gels and then electrically transferred to a polyvinylidene fluoride membrane. Membranes were incubated with rabbit anti-VEGFR-2 antibody, rabbit anti-p-mTOR/p-S6K1/p-4E-BP1 antibodies; rabbit anti-mTOR/S6K1/4E-BP1 antibodies; and rabbit anti-Caspase-3 (1:500, obtained from Abcam Co.) After being fully washed, the membrane was incubated with horseradish peroxidase-linked anti-rabbit secondary antibody (1:250) and visualized for immunoreactivity. The membrane was also processed to detect β-actin for equal loading. The bands recognized by the primary antibody were visualized by exposure of the membrane onto an X-ray film. The film was then scanned and the optical densities of protein bands were analyzed using the Scion image software, and values for densities of immunoreactive bands/β-actin band densities from the same lane were determined. Each of the values was then normalized to a control sample.
Statistical analysis
All data were analyzed using a two-way repeated-measures analysis of variance. Values were presented as means ± standard error of mean (SEM). For all analyses, differences were considered significant at P < 0.05. All statistical analyses were performed by using SPSS for Windows version 13.0 (SPSS, USA).
Results
Measurements of Blood Glucose
We examined blood glucose in control rats and rats 0-28 days after injection of STZ. Figure 1 shows that animals developed hyperglycemia 21 days after STZ (P < 0.05 vs. control rats) as compared with saline control rats. Figure 2 shows that the levels of HIF-1α and VEGF were significantly increased in the retinal tissues of STZ rats (P < 0.05 vs. control rats, n = 6-12 in each group) as compared with saline control group (n = 8). The increases were observed 21 and 28 days after injection of STZ. Thus, rats with 28 days of STZ injection were used for the rest of experiments to examine mTOR pathways and its effects on VEGFR-2 and Caspase-3. Figure 3 demonstrates the protein expression of p-mTOR, p-S6K1 and p-4E-BP1 as well as mTOR, S6K1 and 4E-BP1 in control rats and STZ rats 28 days after its injection. STZ induced-hyperglycemia significantly increased the protein levels of p-mTOR and mTORmediated p-S6K1 and p-4E-BP1 in the retinal tissues as compared with control rats (P < 0.05, n = 8-10 in each group; STZ rats vs. control rats, n = 6-10 in each group). Also, the ratio of p-mTOR, p-S6K1 and p-4E-BP1 levels vs. total protein of mTOR, S6K1 and 4E-BP1 levels was significantly increased in STZ rats.
Levels of HIF-1α and VEGF
Expression of mTOR Pathway
Effects of Blocking mTOR on Expression of VEGFR-2 and Caspase-3
We also examined the effects of blocking mTOR on expression of VEGFR-2 and Caspase-3. Figure 4 demonstrates that the protein expression of VEGFR-2 and Caspase-3 was significantly increased in STZ rats with intraocular injection of saline (n = 6-10 in each group) as compared with control rats (n = 6-8 in each group). When rapamycin was injected in STZ rats, the amplified activities of VEGFR-2 and Caspase-3 evoked by STZ were significantly attenuated (n = 8-10 in each group). In addition, Fig. 4 shows that mTOR signaling pathway was inhibited by rapamycin because as an indicator of mTOR expression, p-S6K1, the ratio of p-S6K1 and S6K1, were significantly decreased after application of rapamycin. in the retinal tissues of control rats (n = 6-8) and STZ rats with saline injection (n = 6-10) and with rapamycin injection (n = 8-10). (C) The ratio of p-S6K1 and S6K1 was increased in STZ rats with saline injection and rapamycin attenuated amplified the ratio. *P < 0.05 vs. control animals and STZ animals injected with rapamycin.
Discussion
In the present study, we first examined the levels of HIF-1α and VEGF in control rats and STZ rats, demonstrating that STZ increased HIF-1α and VEGF. Also, expression of p-mTOR and its downstream pathways, namely p-S6K1 and p-4E-BP1 was upregulated in STZ rats. In order to determine the role played by mTOR in regulating HIF-1α-VEGFR2 signal pathways, we then examined the effects of intraocular injection rapamycin on the levels of VEGFR-2 in retinal tissues of STZ (Fig. 4) . In addition, we examined the effects of rapamycin on protein expression of Caspase-3. Our data further showed that inhibiting mTOR can blunt the upregulation of VEGFR2 as well as Caspase-3 pathways evoked by STZ.
There is solid evidence for an early decrease in oxygen tension in DR, suggesting that the retina is physiologically exposed to hypoxia and becomes more hypoxic even early in the evolution of diabetes (i.e. 3 weeks after experimental diabetes induction) [17] . Also, retinal flow is decreased in patients with diabetes before any retinal changes are observed [18] , and it becomes more profound in patients with severe DR. The profound hypoxic environment present in DR further induces HIF-1α in both humans and in animal models of diabetes [19] . Thus, a rat model of STZ injection-induced DR was widely employed to investigate the mechanisms responsible for the disease and potential drugs used to treat DR in the previous studies [4] . Consistent with the previous notion, in the current study, using the same rat model our data showed that HIF-1α was significantly increased in the retinal tissues of rats 21-28 days after injection of STZ with being companied with STZ induced-hyperglycemia.
VEGF is an important signaling protein playing a role in regulating the neovascularization and as a downstream product of HIF-1α, HIF-1α contributes to VEGF formation due to ischemic hypoxia [20] . VEGF and its receptors VEGFRs play an important role in ocular pathologic angiogenesis, and it has been reported that inhibiting this system is a promising therapeutic strategy for these potentially blinding diseases [21, 22] . In addition, compounds that modulate signaling pathways upstream and downstream of VEGF represent promising anti-angiogenic strategies for vasoproliferative retinal diseases. Rapamycin can oppose the VEGF-induced signaling pathways and also exhibits antiangiogenic effects [23, 24] . The anti-angiogenic effects of rapamycin have been demonstrated in animal models [25, 26] . Amplified HIF-1α and VEGF have been found in the retina of diabetic animals and humans to be involved in the pathophysiology process of DR [9] [10] [11] . Nevertheless, how mTOR pathway contributes to pathophysiological process of DR via HIF-1α and VEGF are not fully understood. Data of our current study show that inhibiting of mTOR by rapamycin decreases upregulated VEGFR-2, suggesting that enhancement of mTOR activity in the retina leads to upregulation of VEGFR-2 signaling pathway.
Caspases, a family of thiol proteases, play an important regulating the apoptotic cascade, and high glucose activates retinal caspases [27] . The processing of pro-caspase-3 to its active form is considered a key processing in the death-signaling cascade. Caspase-3 is a predominant target involved in the reactive oxygen species-mediated high glucose induced apoptosis in human endothelial cells [28] . Thus, in the current study, we also determined the levels of Caspase-3 in retinal tissues as an indicator of cellular apoptosis and we found that STZ increased Caspase-3 in the diabetic retina 28 days after induction of hyperglycemia. Moreover, inhibiting retinal mTOR decreased the amplified expression of Caspase-3 evoked by STZ injection.
Prior studies in humans and animal models have demonstrated that cell loss is generally involved in initial diseased tissues in development of the DR [29] . It is indicated that apoptosis is engaged in the pathological process of diabetes-induced tissue loss in DR, and a greater number of cells that are stained with terminal deoxynucleotidyl transferase dUTP Nick End Labeling (TUNEL) are found in the retina [30, 31] . Also, sequential activation of Caspase-3 plays an important role in the execution-phase of cell apoptosis linked to cell death in DR model. Nevertheless, as an important factor in mediating cell apoptosis the role played by HIF-1α in regulating Caspase-3 expression in engagement of pathophysiological process of DR is lacking. Data of our present study provide the evidence that blocking mTOR pathways decreases enhancements of Caspase-3 observed in diabetic retina. Inhibition of the enzymatic activity of Caspase-3 likely provides a mechanism to attenuate the cellular apoptosis. Overall, we suggest that enhancement of HIF-1α, VEGF and VEGFR-2 in the retina contributes to the tissue damage via mTOR pathway and blocking mTOR attenuates VEGF system thereby blunting cellular injury during development of DR.
Conclusion
We have provided evidence that STZ-induced diabetes amplifies the levels of HIF-1α, VEGF, VEGFR-2 as well as mTOR and its downstream pathways in the diabetic retina. In the process of STZ-induced DR, mTOR plays an important role in upregulating HIF-1α and VEGF pathway, and this leads to augmented Caspase-3 expression, which is involved in consequent retinal damages in animals. Thus, blocking mTOR has beneficial effects on development of DR. The results may offer promising clues for the developments of new therapeutic strategies to target specific mTOR and HIF-1α-VEGF pathways for managing intractable symptoms observed in patients with DR.
